It has been known for many years that obesity may develop as a result of injury to the hypothalamus (7). Furthermore, obesity has been produced experimentally in various species of animals by making lesions in specific areas of this region of the brain (1, 2, 8, 13) .
CHANDLER MCCUSKEY
BROOKS AND E. F. LAMBERT have tested various hypotheses previously offered and also have contributed additional new information.
PROCEDURES.
The animals used were white rats of a strain (Wistar derivative) which normally attains an adult weight of approximately 250 grams for the females and 350 grams for the males. They were kept in individual cages each of which was mounted over a large glass funnel to permit collection of urine. The diet consisted of Purina dog chow checkers or a mash made by mixing equal weights of water and dog chow. Once a week this regime was supplemented by a few grams of apple or sweet potato. No specific conditions of lighting or heat were maintained. The control animals, however, were subjected to conditions identical with those imposed upon the animals which became obese.
All animals were anesthetized with Evipal and lesions were made by means of a Horsley-Clarke stereotaxic instrument as described by Het,herington (8) . In most cases the operations were performed on mature animals which had attained a rather stable body weight plateau. Thirty-five definitely obese rats and eighteen others which developed a low grade of obesity were studied. These were compared with normal litter mates and with other litter mates which failed to become obese because the hypothalamic lesions had not involved the critical areas. Additional details and procedures will be given as the various experiments are described.
RESULTS.
1. Weight Gain on a Quantitatively Unlimited Diet. Animals differed enormously in their rate of weight gain and food intake after operation. Presumably this was due to variations in the location of the lesions. There appeared to be a maximum obesity which was attained by a number of animals and figure 1 D portrays the development of obesity in one such case. Table 1 shows the increments in food intake and rates of weight gain in 15 experimental animals and 5 normal controls. In mature males and females weight gain was approximately 0.5 gram per day before operation. After effective operations the weight gain increased to between 3 and 8 grams per day, averaging 4.5 grams throughout the dynamic phase. As Brobeck, Tepperman and Long (3) have shown, a definite correlation exists between the amount of food intake and the rate of gain. The fact that rats gained much more weight per gram of food eaten after operation than before is probably chiefly due to the postoperative increase in appetite which induced the animals to ingest an excess of food, all of which excess was available for new tissue formation. Since complete balance studies were not made it was impossible to calculate how much food, over and above that required to meet energy outputs, was really available before and after operation for the formation of tissue components.
The dynamic phase of obesity persisted for one and a half to two months and by the end of that period body weight was approximately twice that at which it had practically stabilized before operation. It was concluded that the static phase had begun when the rapid weight gain ceased. This static phase may be defined as the period during which the animals neither lost nor gained weight or exhibited a rate of gain which did not exceed the preoperative rate. This phase was considered to have terminated when the animal began to lose weight slowly WEIGHT   GAIN  DURING  HYPOTHALAMIC  OBESITY   697 and steadily, as they all did sooner or later when kept for many months. A few animals showed no definite static phase while in others it lasted for as long as 8 months during which time numerous fluctuations in level occurred ( fig. 2-A-306 ). The life span of the majority of obese animals was much shorter than that of . . intervals of from one to three weeks. Such periods of time are required for the capacity of the gastro-intestinal tract to be sufficiently augmented to permit attainment of the peak intake. This maximal intake was not maintained for long; a decrease began even before the dynamic phase of obesity ended. After a few days the preliminary decline in quantitative intake ceased and during subsequent weeks the food consumption remained at a relatively constant value somewhat above the preoperative level of intake ( fig. 1-D) . This demonstrated that obesity can be maintained although the level of food intake is far below that which was present during the dynamic period of weight increment. The duration WEIGHT GAIN DURING HYPOTHALAMIC OBESITY 699 of the static phase and the stability of body weight throughout this stage of obesity was determined by the constancy of food consumption levels.
It is interesting to note that changes in body weight lagged considerably behind the declines in food consumption.
At the end of the static phase when animals became senescent both food intake and weight declined. It was observed in a few animals that body weight declined
GMS. 298. This rat was limited to its preoperative intake which it received divided into 8 equal parts delivered at 3-hour iutervals.
B. Nos. 314 and 319 were pair-fed with the trained-fed control no. 312. After hypothalamic lesions were made nos. 314 and 319 failed to gain more than no. 312 until the control was fed ad libitum.
C and D show weight changes during and after food limitation and starvation in obese animals.
markedly and even fell to the preoperative level even though the food consumption remained considerably above the normal level of intake until this fall was practically accomplished. This suggests an impaired use of food for weight production and maintenance. It is as if the animals' digestive systems were functioning less efficiently.
There was no augmentation of activity or metabolic rate to produce a greater energy utilization.
2. Limitation of the Food Intake and the Development of Obesity, a. Duration of limitation. The prevention of weight gain in the potentially obese animal by limitatlion of the food intake is possible.
Formation of adipose tissue can be checked at any time provided sufficient0 limitations of caloric intake are imposed. The limitation must be severe and apparently it has no ameliorating effect on the appetite nor does it modify the tendency towards obesity when conditions permit.
Evidence supporting this statement is given in figure 2-D which shows that obesity was checked in the dynamic phase by sudden restriction of the food intake.
The amount of food given was slightly below the average preoperative consumption but despite this there yeas a gain of 12 grams during the 30 day period of limitation.
In one case significant weight gain was prevented for 325 days by limitation of food intake. Food was then given ad libitum and the typical dynamic phase of obesity ensued. The animal consumed enormous amounts of food, gained weight rapidly and became maximally obese within the usual period of time. In a few other experiments of this type some animals which were thought to be potentially obese did not show hyperphagia and did not become obese after release from limitation.
It has been observed, however, that some animals even when on an ad libitum diet suddenly lose their abnormal appetite and their weight plateaus only slightly above the preoperative level. It was thought, therefore, that 1imit)ation of the food intake had not been responsible for the disappearance of the hyperphagia. In many cases limitation of food or actual starvation did not abolish the tendency or drive towa#rds obesity even though the hyperphagia was not permitted expression until very late in life and many months after hypothalamic injury.
The significance of these few observat'ions is tlhat limitation must be severe and permanent to prevent obesity from developing following production of this type of hypothalamic lesion. The question then arises as to the degree of food limitation necessary to prevent the development of obesity.
b. The effects of limiting food intake to the preoperative food consumption. It was found that when potentially obese animals, rats with lesions properly placed to produce obesity, were limited to an amount of food which they habitually ate in the preoperative period they eventually became definitely obese although, of course, weight was not gained at as rapid a rate as in litter mates, which were fed ad lib&urn. These experiments were performed by determining the *average daily food consumption of mature rats during one or two months prior to operation and then limiting their food intake to those amounts postoperatively. This was done in the case of ten rats selected from six litters the other individuals of which were either fed ad libitum or pair-fed (see below). In all these experiments the "self-limited" animals were unable to gain indefinitely or attain maximal obesity while limited in this way ( fig. 1-C) . It appeared that as more weight was added the energy used in essential activity increased and eventually overbalanced the processes initiated by the hypothalamic lesions which permitted the rats to deposit more fat than they had been storing on the same food intake before operation. After this plateau of intermediate obesity was established the food restrictions were removed; a burst of additional weight gain then occurred and maximal obesity soon developed. Brobeck, Tepperman and Long (1943) pointed out that potentially obese rats have a voracious appetite after operation and tend to eat their entire day's ration within a few hours if the amount of food is at all limited.
They suggested that this method of eating might influence an animal's ability to gain weight. Consequently, a device was built capable of delivering specific amounts of food at regular intervals ( fig. 3 ). The influence of regularly spaced feeding on the development of obesity was determined in two litters of four rats each. Three animals of each litter were operated upon and one was retained as a control. Fig. 3 . A device used in delivering food at regular intervals in spaced-feeding experiments. A pendulum kymograph rotates the cup bearing wheel.
When temporary engorgement was prevented by subdividing the average daily preoperative food intake of each of these rats into eight equal parts which were delivered at three-hour intervals, it was found that four rats of the six with lesions outgained the two normal controls and became definitely obese (e.g., no. 298 of fig. 2-A-298) . The two animals with lesions which failed to gain showed little response terminally when fed ad libitum while the four which had gained became maximally obese when they were released from the limitation.
In order to test the ability of animals with lesions to gain weight under conditions which had required compensatory adjustments to maintain their body weight during the period of normality, another slight modification of this "self- comparison" type of experiment was performed. Tepperman, Brobeck and Long (3) demonstrated that at least one of the metabolic peculiarities of obese animals, a rise in R. Q. above unity in response to administration of glucose, could be produced in normal rats by training them to consume their daily ration of food within a brief period of time.
Presumably this change is a sign of compensatory adjustments since it appeared as the animals regained an ability to maintain body weight at normal levels.
In our experiment four female rats of one litter were trained to eat their daily ration of food within three hours.
After a short period in which they lost weight they were able to regain and maintain their normal body weight and even to grow to some degree. Three of these animals were operated upon at the end of the second month and then were limited to an amount of food equal to the average daily intake of the training period.
All ate their ration within the three hour period but none of them was able to gain significantly or keep up with the normal trained rat which was gaining weight because it was able to increase its three-hour intake as it grew.
Since two of the three rats with lesions became obese when fed ad libitum it is clear that their lesions were effective.
This experiment indicates that obesity-producing lesions do not enable animals to gain weight and deposit excess fat when placed on a feeding regime which compels normal animals to develop a compensatory response in order to maintain their body weight.
Certain conditions of these experiments tend to invalidate the use of the results in support of the contention that after hypothalamic injury a rat can become obese when it is limited to a "normal" food intake.
For example, the "normal" food intake was the quantity of food eaten by the animal when it was younger and more active.
Furthermore, since conditions of light and temperature were not controlled it is conceivable that these factors may have influenced the activity and metabolic needs of the animals in such a way as to have contributed to the postoperative gain in weight. Experiments to be described next eliminated these defects. It can be said, however, before proceeding that regardless of the cause of the decrease in energy output which makes possible a weight gain on a fixed energy intake, the primary defect created by the lesions was a breaking down of the normal relationship between appetite and energy need which maintains body weight within normal limits.
c. The effects of pair-feeding. A series of pair-feeding experiments was next performed. This second method of limiting the food intake to a "normal" level is preferable to the previously described procedures. Though no two animals are exactly alike this method of giving the animal with a lesion only an amount of food equivalent to that which its normal litter mate had just eaten eliminates fluctuations in requirement due to aging and environmental changes. Experiments of this type have been carried out by Hetherington and Ranson (11) . They concluded that the potentially obese rats can become obese on the amount of food which their normal litter mates ingest. Brobeck, Tepperman and Long (3) performed a similar series of experiments under somewhat more stringent conditions; nevertheless, three out of twelve animals outgained the controls with which they were pair-fed. This work was repeated and we confirmed the obser- vation that following the obesity-producing type of hypothalamic injury some animals do outgain their litter mate controls with which they are pair-fed.
In no case was this gain as pronounced as in self-comparison experiments but it was unmistakable ( fig. 1-B) .
In the case shown in this figure the potentially obese rat gained 0.80 gram per day as compared to 0.43 gram gained daily by the litter mate control.
Spaced feeding did not prevent animals which had been operated upon from outgaining spaced-fed normal litter mates.
This experiment was performed with two litters in each of which three animals with lesions were pair-fed with one normal control.
In only three of the animals with hypothalamic injuries were the lesions successful in the sense that hyperphagia remained permanently present and induced a well developed obesity when control of food intake was abolished. The weight surplus which these animals were able to accumulate in these pairfeeding, spaced-feeding experiments was in no case as great as the extra weight accumulated by the rats which were merely pair-fed.
This difference is thought to be insignificant in view of the fact that the rate of gain of the various animals differed enormously.
In one other experiment t'wo animals with effective lesions were compared with a normal control which was permitted access to food for only three hours daily. In order to maintain body weight under this regime compensation was necessary. The two litter mates were given only that amount of food which the control ate in three hours.
Under these circumstances the two potentially obese rats did not gain more weight t,han the control.
During a period of cold weather all animals were less able to maintain their body weight under the trained feeding regime. The lesion did not prevent the animals from compensating enough to restore body weight nor did they enable them to accumulate fat on an intake equivalent to the normal rats "trained-fed" intake. After 16 weeks the control was given free access to food at all times. The two animals, with lesions, which were still pair-fed with the control then outgained the control significantly and deposited excess fat ( fig. ZB) . These observations again indicate that the obesity-producing hypothalamic lesions confer upon some animals an ability to deposit more fat than normal rats which ingest the same amount of food but not if the normal rats are compelled to develop compensatory responses in order to maintain their body weights under conditions imposed.
d. Some interesting consequences of starvation of obese animals were observed.
It has been shown many times that prolonged fasting will bring the weight of an obese animal down to a normal level. Brobeck, Tepperman and Long (3) published a figure in which it was shown that 2 fasting obese rats lost weight at a rate of between 7 and 10 grams per day. In our experiments 2 normal controls and 12 obese animals which had attained a static state of obesity were fasted for 28 days. The obese rats showed a maximum weight loss which occurred on the third day of starvation and averaged 16 grams. The average daily loss during the total period was 6.1 grams. This represented an average daily loss of 1.4 per cent of the initial weight. In the normal animals the maximum loss occurred on the first day and amounted to 8 grams. The average daily loss in weight was 2.6 grams or 1.2 per cent of the initial weight.
This period of starvation did not reduce the obese animals to their preoperative weights but it did produce severe debilitation.
Six of the starved rats refused to eat when food was first given and it was necessary to force feed them with vitamin rich foods for a few days before they began to eat spontaneously.
The daily food consumption then rose rapidly to a level equal to that attained in the initial dynamic stage ( fig. 2C and D) . Rapid weight gain occurred but the rate of gain did not equal that of the initial dynamic phase of the obesity.
It is difficult to judge whether weight loss was more or less rapid in starved obese rats than in starved normal controls.
In the obese rat there is a higher percentage of stored material which can be lost. The obese animal is larger and necessarily uses more energy in essential activities. Consideration of these factors leads one to believe that the mechanism of weight loss is not essentially different in the two cases.
The interesting aspect of these experiments was that the new weight plateaus established in obese animals after periods of starvation were much higher than the initial levels of spontaneously attained weight balance ( fig. 2C and D) . This suggests that periods of ad libitum eating interspersed between periods of fasting may produce more intense obesity than that which develops when food intake is not interfered with.
3. Loci of Effective Hypothalamic Lesions. The loci of the lesions which produced obesity were determined in all animals.
Although the position, extent and symmetry of the cerebral injuries varied considerably certain general statements can be made. Lesions which produced maximum obesity always destroyed or impinged upon the ventromedian nuclei bilaterally. The most effective lesions were the largest and they generally included portions of the nucleus dorsomedialis, premammillary area, medial and lateral mammillary nuclei or the tuberal region. Less effective lesions were bilaterally asymmetrical and usually failed to injure one ventromedian nucleus. In other instances lesions which produced only mild hyperphagia and obesity were merely less extensive. In several cases of intermediate obesity it would have been impossible to predict the degree of obesity from the boundaries of the injuries.
Lesions which failed to produce obesity were located in the preoptic, lateral or supraoptic regions of the hypothalamus and the absence of obesity could have been predicted from inspection of the brains.
These results are in entire agreement with those of Hetherington (9). 4. Morphological Consequences of Hypothalamic Injury. Table 2 gives certain body dimensions and weights and the weights of tissues and organs of some of the obese animals and their controls.
Animals which were obese had markedly different girth-length ratio and nutritional index than did their normal controls. Abdominal fat deposits were greater and with the exception of the gonads and uteri the organ weights of these obese rats were equal to or greater than those of the controls.
The weight increments of organs such as the heart, liver and kidneys were approximately 20 to 30 per cent above the normal and not of the same magnitude as the gains in total body weight which amounted to 200 to 300 per cent. It seems reasonable to assume that a degree of hypertrophy was required The kidneys of 7 of 35 rats studied contained scattered areas of degeneration similar to those described by Brobeck, Tepperman and Long (3) . The testes of 6 of 10 males examined were degenerate and showed no signs of spermatogenesis.
The ovaries of 5 of 19 females were clearly atrophic.
In a few animals the pancreas showed much fatty infiltration and 20 livers out of a total of 34 studied were grossly abnormal in that they were loaded with fat. The adrenal glands of 23 of the 34 maximally obese rats which were studied contained cortical lesions varying considerably in magnitude.
For the most part the lesions appeared to have originated from small hemorrhages in the basal layer of the cortical tissue.
The cells of the follicular epithelium of the thyroid glands of the obese animals were very low and many of the follicles were enormously engorged with colloid. These histological changes and the larger size of the gland might be considered to be an indication of hypofunction.
Metabolism tests to be reported later confirmed the supposition that the basal metabolic rates were lower in those animals whose thyroids showed these features indicative of hypofunction. DISCUSSION. The fact that the body weight of mature normal animals is maintained at a rather constant level indicates that the food intake is nicely adjusted to balance changes in energy utilization.
Lesions involving the region of the ventromedian nuclei of the hypothalamus destroy this balance. Hyperphagia occurs and enormous amounts of food are ingested if they are available. It likewise appears that associated with this augmentation of appetite there is a reduction in energy output.
Since the appetite is not reduced, the animals tend to eat as much as normal rats with which they are pair-fed even though their h energy output must be less since they gain more weight than do the normal controls.
Energy requirements do vary and it has been stated also that an animal's efficiency, judged by weight gain per calorie of food ingested (6), can change. The question of how hypothalamic lesions of the type described produce such an effect remains for future work to determine.
It does seem certain that animals with effective lesions do have a greater ability than normal rats to store fat. This advantage conferred by the lesion is slight, however, and in none of our experiments did it enable animals with lesions to outgain normal animals which were forced by limitation of food intake to compensate in order to maintain body weight.
It is apparent that in limiting food intake to prevent obesity one should use an animal's own energy utilization as an index of the minimum required rather than the food intake of a normal control or the animal's own preoperative intake.
Long prevention of obesity by limitation of food intake does not abolish the hyperphagia.
As a matter of fact, periods of starvation in some cases seem to cause rats to attain a greater degree of obesity than that at which they had apparently stabilized before starvation.
With senescence obesity tends to disappear at a rate which is not proportional to the decrease in food intake.
The majority of obese rats with effective lesions die at the peak of their obesity of causes which cannot be due to aging.
As regards our studies of the site of effective lesions, of body and organ weights and of the histological status of various organs and tissues, it can be said that our results confirm the observations of Hetherington and Ranson (12) and Brobeck, Tepperman and Long (3). The gonads are small and apparently somewhat hypofunctional. in obese animals and quat(ely serve a much Other endocrine tissues and visceral organs are enlarged this may be indicative of an effort on their part to adelarger mass of tissue.
SUMMARY
The rate of weight I gain, changes in food consumption, the duration of the various phases of experimentally produced obesity and the loci of obesity producing lesions were determined in a series of albino rats.
Neither limitation of the daily food intake to that of the preoperative period nor pair-feeding with normal controls prevented development of a degree of obesity. This advantage conferred by the lesion is slight, however, and in none of our experiments did it enable animals with lesions to out(gain normal animals which were forced by limitation of food intake to compensate metabolically in order to maintain body weight.
Prevention of temporary engorgement with food by spaced feedings did not prevent obesity but potentially obese animals were not able to outgain normal rats which had been forced to compensate metabolically in order to maintain their body weights under conditions imposed by feeding regimes.
Hyperphagia due to hypothalamic injury was not abolished by long continued limitation of food. Periods of starvation were followed by an augmentation of appetite and development of a greater degree of obesity than had been attained before fasting.
The major cause of this experimentally produced obesity was the breakdown of the balance between food intake and energy utilization. Inappropriate augmentation of the appetite was presumably accompanied by a less significant decrease in caloric requirement.
